Cassava brown streak disease (CBSD) has occurred in the Indian Ocean coastal lowlands and some areas of Malawi in East Africa for decades, and makes the storage roots of cassava unsuitable for consumption. CBSD is associated with Cassava brown streak virus (CBSV) and the recently described Ugandan cassava brown streak virus (UCBSV) [picorna-like (+)ssRNA viruses; genus Ipomovirus; family Potyviridae]. This study reports the first comprehensive analysis on how evolution is shaping the populations of CBSV and UCBSV. The complete genomes of CBSV and UCBSV (four and eight isolates, respectively) were 69.0-70.3 and 73.6-74.4 % identical at the nucleotide and polyprotein amino acid sequence levels, respectively. They contained predictable sites of homologous recombination, mostly in the 39-proximal part (NIbHAM1h-CP-39-UTR) of the genome, but no evidence of recombination between the two viruses was found. The CP-encoding sequences of 22 and 45 isolates of CBSV and UCBSV analysed, respectively, were mainly under purifying selection; however, several sites in the central part of CBSV CP were subjected to positive selection. HAM1h (putative nucleoside triphosphate pyrophosphatase) was the least similar protein between CBSV and UCBSV (aa identity approx. 55 %). Both termini of HAM1h contained sites under positive selection in UCBSV. The data imply an on-going but somewhat different evolution of CBSV and UCBSV, which is congruent with the recent widespread outbreak of UCBSV in cassava crops in the highland areas (.1000 m above sea level) of East Africa where CBSD has not caused significant problems in the past.
INTRODUCTION
Cassava brown streak disease (CBSD) symptoms are characterized by vein clearing of affected leaves, necrosis and constriction in storage roots, and brown streaks on the stems of cassava (Manihot esculenta Crantz; Euphorbiaceae) (Storey, 1936) . CBSD has been the second most important virus disease of cassava in East Africa, after cassava mosaic disease (CMD; caused by ssDNA viruses of family Geminiviridae), but now poses the most significant threat to cassava production in East Africa (Hillocks & Jennings, 2003) . CBSD is caused by two picorna-like (+)ssRNA viruses that belong to genus Ipomovirus in the family Potyviridae. CBSD and Cassava brown streak virus (CBSV) were described originally from the coastal lowlands of the Indian Ocean in Tanzania and Mozambique and in the lakeshore areas of Malawi (Storey, 1936; Monger et al., 2001a, b) . However, another virus was described recently and detected in higher altitude areas .1000 m above the sea level in Uganda (Alicai et al., 2007; Mbanzibwa et al., 2009a) . While some recent papers have referred to this novel virus with names Cassava brown streak Mozambique virus or Cassava brown streak Uganda virus, it was named Ugandan cassava brown streak virus (UCBSV) by the International Committee for Taxonomy of Viruses in June, 2010, to avoid confusion with geminiviruses whose names follow the structure of the two first mentioned, tentative names (Fauquet et al., 2005) .
Ipomoviruses express the viral genome as a polyprotein, which is subsequently cleaved by viral proteinases to the mature proteins. Additionally, ipomoviruses are predicted to express a small protein (PIPO) from an overlapping ORF created by frameshifting (Fig. 1) . The genome structures of CBSV and UCBSV are similar, but they differ from other ipomoviruses (Mbanzibwa et al., 2009a; Monger et al., 2010; Winter et al., 2010) . CBSV and UCSBV encode a single P1 proteinase that is homologous to one of the two P1 proteinases encoded by Cucumber vein yellowing virus and Squash vein yellowing virus. It is released from the N terminus of the polyprotein (Fig. 1 ) and functions as a suppressor of RNA silencing (Mbanzibwa et al., 2009a) . These four ipomoviruses do not encode a helper component proteinase (HC-Pro) located downstream from P1 in the polyprotein of Sweet potato mild mottle virus (SPMMV), the type species of the genus Ipomovirus (Tugume et al., 2010b) . The most Fig. 1 . SimPlot of nucleotide identities between the isolate KE:Ke_125 of UCBSV as compared with seven other isolates of UCBSV (KE:Ke_54, MW:Ma_42, MW:Ma_43, TZ:Mlb3:07, UG:Nam:04, UG:Ug and UG:Ug_23) and four isolates of CBSV (MZ:Mo_83, TZ:Kor6:08, TZ:Tan_70 and TZ:TanZ). Each curve is a comparison between UCBSV-[KE:Ke_125] and a reference genome. Each point plotted is the per cent identity within a sliding window 200 nt wide centred on the position plotted, with a step size between points of 20 nt (Kimura two-parameter analysis) . The identity level of 30 % is marked with a broken horizontal line. Below the plot is a schematic presentation of the genome structure of UCBSV-[KE:Ke_125] (similar to other UCBSV and CBSV isolates). The parts of the viral genome showing ,30 % identity between CBSV and UCBSV are marked in the plot with (a) (nt 21-321, 59-UTR and P1), (b) (nt 561-881, P1), (c) (nt 1661-1941, P3 and PIPO), (d) HAM1h) , (e) (nt 7361-7901, CP) and (f) (nt 7921-8181, CP). The parts of the genome are indicated in relation to the genome sequence of UCBSV-[KE:Ke_125] (GenBank accession no. FN433930). The box represents the viral polyprotein translated from a large ORF and subsequently processed by the viral proteinases P1 and NIaPro resulting in the mature proteins. The names and the estimated molecular masses of the mature proteins (in kilodaltons) are indicated: P1, a serine proteinase, the first protein; P3, the third protein; 6K1 and 6K2, 6 kDa proteins; CI, cylindrical inclusion protein; VPg, viral genome-linked protein; NIaPro, the main viral proteinase; NIb, replicase; HAM1h, a putative NTP pyrophosphatase; CP, coat protein. A small ORF (PIPO) is created by +2 frameshifting (Chung et al., 2008) . The 59-and 39-UTR are shown as bold lines.
Evolution of CBSD-associated viruses unique feature of CBSV and UCBSV is the HAM1h protein situated between the viral replicase (NIb) and the coat protein (CP) in the C-proximal part of the polyprotein (Fig. 1) . HAM1h is homologous and shares the conserved amino acid motifs with the Maf/HAM1 superfamily of nucleoside triphosphate (NTP) pyrophosphatases known in prokaryotes and eukaryotes (Galperin et al., 2006; Mbanzibwa et al., 2009a) . A HAM1h-like sequence at the corresponding genomic position is known only in Euphorbia ringspot virus placed to the genus Potyvirus (family Potyviridae) (Mbanzibwa et al., 2009a) . The HAM1h-encoding sequence is probably of cellular origin and provides evidence that members of the family Potyviridae are capable of recombining cellular RNAs in their genomes, a phenomenon that is characteristic of the evolution of (+)ssRNA viruses in the family Closteroviridae (Dolja et al., 2006) .
Rapid expansion of the CBSD epidemic in the highland areas of East Africa, involvement of a novel emergent virus (UCBSV) in the epidemic, and the unique genomic features of the two viruses causing CBSD raise many concerns about possibilities of combating the disease by breeding and introduction of resistant varieties of cassava. The aim of this study was to characterize the partial or full genomes of CBSV and UCBSV isolates and their genetic diversity, and to study the evolutionary forces shaping the populations of the two viruses.
RESULTS

Genetic differences between CBSV and UCBSV
Twenty and 35 new isolates of CBSV and UCBSV, respectively, were characterized from CBSD-affected cassava plants sampled in the field in Kenya, Malawi, Mozambique, Tanzania and Uganda (Table 1, Fig. 2) . Comparison of the complete genome sequences of four and eight isolates from CBSV and UCBSV, respectively, including isolates CBSV-[TZ:Kor6:08] and UCBSV-[UG:Nam:04] determined in this study, indicated that the nucleotide and polyprotein amino acid sequence identities between the two viruses were 69.0-70.3 and 73.6-74.4 %, respectively (Table 2) . Genetic diversity was wider among the isolates of CBSV (79.3-95.5 % at nt level) than UCBSV (86.3-99.3 %) ( Table 2 ). The genomes were also analysed to identify the regions differing most between the two virus species. Isolate KE:Ke_125 of UCBSV was compared to all other viral genomes. In most parts the majority of UCBSV isolates were .90 % identical (nt) with UCBSV-[KE:Ke_125], whereas in UCBSV-[TZ:Mlb3:07] only the 39-end was highly similar and other parts of the genome were distinctly different from UCBSV-[KE:Ke_125] (Fig. 1 ). Pairwise comparisons with other isolates of UCBSV gave a similar result (data not shown), suggesting that TZ:Mlb3:07 represents a distinct strain of UCBSV. Comparison of UCBSV-[KE:Ke_125] with the isolates of CBSV indicated that the second half of the 59-untranslated region (59-UTR), and the P1, P3, HAM1h and CP regions were the least identical between the two viruses (Fig. 1, Supplementary Tables S1 and S2 , available in JGV Online).
Phylogenetic analysis of 67 complete CP-encoding sequences (excluding recombinants; see below) of CBSV and UCBSV placed the isolates into two distinct phylogroups corresponding to the two virus species (Fig. 3) . Little clustering of significance was observed within the phylo-groups. Forty-four of the 45 isolates of UCBSV originated in Kenya, Malawi and Uganda, whereas one isolate (TZ:Mlb9:07) originated in Tanzania (sampled from Muleba at the southern shore of Lake Victoria; Table 1 , Fig.  2 ). In contrast, 17 of the 22 isolates of CBSV were from Tanzania, two isolates were from Mozambique and one isolate was from Malawi. The two remaining isolates of CBSV originated in farmers' fields in Wakiso, central Uganda, close to the northern shore of Lake Victoria ( Fig. 2 ) were tested for symptoms induced in Nicotiana benthamiana following mechanical inoculation of the plants. All isolates of UCBSV caused systemic mosaic and rugosity symptoms in leaves, but no local lesions were observed. In contrast, all isolates of CBSV caused necrotic local lesions and systemic necrosis that eventually resulted in the death of the infected leaves and dieback of the plant. The inoculated plants expressing symptoms were checked for the two viruses by RT-PCR and analysis of the amplification products.
Recombination in CBSV and UCBSV
Two isolates of CBSV (TZ:Tan_70 and TZ:Kor6:08) of the four whose whole genomes were analysed contained each two predicted recombination events within the HAM1h-encoding sequence (Table 3 ). Only the recombination events supported with at least three methods were considered. One of these isolates (TZ:Kor6:08) contained recombination junctions also within the CP-encoding sequence. In addition, the two isolates were lacking four amino acid residues (39-42) from P1 as compared with the other two CBSV isolates, MZ:Mo_83 and TZ:TanZ.
Analysis of the complete genomes of eight UCBSV isolates revealed evidence of recombination in four isolates (Table  3) . Two isolates (MW:Ma_42 and MW:Ma_43) contained one predicted recombination junction in the CP-encoding region and the 39-UTR. In isolate UG:Ug, recombination was detected within the NIb-and HAM1h-encoding regions. Isolate UG:Ug_23 was the most complex recombinant, predicted by several methods to contain recombination events in the P1-, CI-, VPg-, NIb-and HAM1h-encoding regions and in the 39-UTR ( 
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Only one additional isolate of UCBSV (UG:Bsa4:07) was predicted to contain a recombination event in the CPencoding sequence and 39-UTR (Table 3) .
In all predicted events of recombination, the 'parent-like' isolates were of the same virus species (Table 3) . Hence, heterologous recombination between CBSV and UCBSV was not evident.
Nucleotide diversity and selection pressure on HAM1h and CP
The nucleotide and amino acid identities of the HAM1h sequences among isolates of CBSV (n513) were 85.9-100 and 89.3-100 %, respectively. The respective figures for isolates of UCBSV (n515) were 87.0-100 and 85.8-100 % (Supplementary Table S1 ). When isolates of CBSV and UCBSV were compared, the HAM1h nucleotide and amino acid sequences were found to be only 51.4-56.3 and 46.4-50.0 % identical (Supplementary Table S1 ).
The CP nucleotide and amino acid sequences amongst the isolates of CBSV (n523) were 90.7-99.0 and 92.3-99.2 % identical, respectively. The respective figures for isolates of UCBSV (n545) were 89.2-99.9 and 90.1-99.7 % (Supplementary Table S2 ). Comparison of the CP nucleotide and amino acid sequences between the isolates of CBSV and UCBSV revealed that they were 68.8-73.0 and 74.3-79.1 % identical, respectively (Supplementary Table S2 ), which indicated a considerably higher similarity than observed with HAM1h.
The nucleotide diversity for HAM1h-(n513) and CP-(n523) encoding sequences of CBSV were 0.0945 (±0.0079) and 0.0666 (±0.0026), respectively, whereas the corresponding values for the HAM1h-(n515) and CP-(n545) encoding sequences of UCBSV were 0.0986 (±0.0065) and 0.0632 (±0.0040), respectively. Comparison of the sequences between the isolates of the two viruses indicated a nucleotide diversity of 0.6773 (±0.0773) and 0.3235 (±0.0.0146) for the HAM1h-and CP-encoding sequences, respectively. The synonymous diversity in HAM1h and CP was 6.1-7.9 and 9.2-12.5-fold higher, respectively, than the non-synonymous diversity, indicating purifying selection on HAM1h and CP of both viruses.
Further analysis was done using maximum-likelihood models of sequence evolution in which codons are treated as units of evolutionary change allowing complex evolutionary scenarios to be devised in statistical models (Muse & Gaut, 1994; Yang et al., 2000) . The non-synonymous to synonymous nucleotide substitution rate ratio (v) provides explicit direction and intensity of evolutionary constraints exerted on a functional protein (Miyata et al., 1979; Kimura & Takahata, 1983) . Model M0 yielded the value v¡0.184 over all codon sites of HAM1h and CP for both CBSV and UCBSV (Table 4) , indicating strong purifying selection, because the values of v,1, v51 and v.1 indicate purifying (negative) selection, neutral evolution and diversifying (positive or Darwinian) selection, respectively (Kimura & Takahata, 1983) . The likelihood ratio test (LRT) of M3 versus M0 indicated that M3 fit the data significantly better than M0 (P,0.001; (Table 4) .
LRTs comparing the log-likelihoods of nested models M2a and M1a showed that M2a was not a better fit than M1a for all protein-encoding regions analysed (Table 4) , consistent with purifying selective constraints on most of the amino acid sites. However, the M8 versus M7 LRT indicated that M8 fitted the data significantly better than M7, suggesting positive selection and on-going adaptive evolution of some sites in the CP of both viruses, and in the HAM1h of UCBSV. The specific amino acid residues under positive selection were identified using the Bayes Empirical Bayes (BEB) approach (Yang et al., 2000) , which predicted four amino acid sites in the CP of UCBSV (79D, 91S, 102P and 112T) and 12 aa sites in the CP of CBSV (20N, 82R, 83T, 84N, 88E, 93P, 96R, 97N, 102L, 103I, 106D and 110Q) to be submitted to positive selection under M8 (Table 4 ).
In the HAM1h of UCBSV, the BEB approach and the Naïve Empirical Bayes (NEB) approach under M8 predicted 12 aa sites (7E, 9Q, 14P, 17Y, 20T, 21T, 22Q, 36L, 142S, 184S, 186S and 214K) to be under positive selection, and three additional amino acid sites were under positive selection as predicted by NEB under model M3 (10P, 117S and 218R) ( Table 4 ). The NEB inference implicated positive selection also on 15 aa sites in the HAM1h of CBSV, but the two LRTs of positive selection (M2a versus M1a and M8 versus M7) were not significant. Therefore, the results were interpreted only as evidence for heterogeneous selection pressures on CBSV HAM1h, but the sites under positive selection according to M3 could not be ascertained.
Comparison of the HAM1h sequences of CBSV and UCBSV with the deduced HAM1 sequences of a wide range of organisms revealed 33 conserved amino acid Evolution of CBSD-associated viruses residues that were identical or similar in the isolates of the two viruses and the cellular organisms compared (33T,  35N, 38K, 41E, 45I, 61E, 73K, 77A, 84P, 88E, 89D, 90T,  92L, 101P, 102G, 108F, 121V, 150G, 154G, 156I, 165F,  166G, 167W, 168D, 171F, 179T, 182E, 183M,188K, 192S,193H, 194R and 197A) . Analysis of selection pressure indicated that all 31 aa sites were under purifying selection (v,0.068).
DISCUSSION
The recent outbreak of CBSD in the highland areas (.1000 m above sea level) and the yield losses it has caused in lowland coastal areas of East Africa since the 1930s constitute now the most severe threat to subsistence cassava production in the region. The results of this study reveal wide occurrence of UCBSV in Ugandan highland and Kenyan lowland areas and are supported by recent reports, indicating that CBSD is associated with two viruses and not only CBSV known previously in the lowland areas (Alicai et al., 2007; Mbanzibwa et al., 2009a, b; Monger et al., 2010; Winter et al., 2010) . The two viruses belong to the genus Ipomovirus (Winter et al., 2010) but are distinguished readily based on their whole-genome sequence divergence and less than 73 % nt sequence identity of the CP-encoding sequences. Comparison of three and six isolates of CBSV and UCBSV, respectively, has suggested that CBSV causes more severe symptoms than UCBSV in N. benthamiana (Winter et al., 2010) , which was confirmed in this study by comparison of seven and four new isolates of CBSV and UCBSV, respectively. CBSV caused necrotic local lesions and systemic necrosis in N. benthamiana, whereas only mosaic and rugosity were observed in the leaves systemically infected with UCBSV. Some isolates of CBSV may cause more severe symptoms than UCBSV also in some varieties of cassava (Winter et al., 2010) .
Before this study, sequence data were available from too few isolates of CBSV and UCBSV to warrant comprehensive analysis of the evolutionary forces shaping the virus populations. Recombination is an important driving force in the evolution of (+)ssRNA viruses ( Patil & Fauquet, 2009 ). Analysis of the complete genomes of eight and four isolates of UCBSV and CBSV, respectively, in this study revealed that 50 % of the genomes in both species had experienced homologous recombination with isolates of the same species, as predicted by at least three different methods. No evidence of heterologous recombination between the two viruses was found, which is consistent with previous studies, indicating that heterologous recombinants between divergent genomes (,90 % nt identity) of RNA viruses are rare due to their associated fitness deficits As compared with other genera in the family Potyviridae, the structural variability observed in the 59-end of the genomes of ipomoviruses is unusually extensive and implies that recombination may be particularly important for the evolution of ipomoviruses (Valli et al., 2007; Mbanzibwa et al., 2009a) . Recombination events have been demonstrated in the 59-and 39-proximal parts of the genome in SPMMV, the type member of the genus Ipomovirus (Tugume et al., 2010b) . Analysis of the whole genomes of CBSV and UCBSV in this study showed that the majority of recombination junctions in these viruses were located at the 39-proximal part within the HAM1h-and CP-encoding sequences and 39-UTR. The HAM1h-like sequence per se is evidence of the unusual recombining abilities of CBSV and UCBSV since the HAM1h gene is apparently of cellular origin (Mbanzibwa et al. 2009a) . HAM1 is an NTP pyrophosphatase that reduces mutagenesis by intercepting non-canonical NTPs and thus prevents their incorporation into DNA or RNA (Galperin et al., 2006) . In CBSV and UCBSV, HAM1h may play a role in preventing extensive mutation rates during virus replication.
Diversity of HAM1h sequences among isolates of CBSV and UCBSV was approximately 30 % higher than the diversity of CP sequences. Similarly, when HAM1h and CP sequence diversities were compared between the two viruses, the diversity of HAM1h was twofold higher than that of the CP. High diversity of the HAM1h sequence may suggest that the two viruses acquired the gene from different organisms after speciation. This possibility is also reflected by the varied degrees of adaptive selection pressure imposed on HAM1h of the two viruses (see below). Alternatively, HAM1h may have been acquired at different times or evolves more rapidly than CP, the only other viral region that could be analysed from a large number of virus isolates in this study. Previous studies on ipomoviruses have found low genetic diversity in Cucumber vein yellowing virus (Janssen et al., 2007) and high diversity in SPMMV (Tugume et al., 2010b) . In general, viruses in the family Potyviridae exhibit rather low genetic diversity (reviewed by García-Arenal et al., 2001 ).
HAM1h and CP in CBSV and UCBSV were found to be under strong purifying selection. The non-synonymous to synonymous nucleotide substitution ratio (v¡0.184) observed with these two regions in CBSV and UCBSV is typical for the CP of many viruses in the families Potyviridae (Janssen et al., 2007) and Luteoviridae (Pagán Fig. 3 . Phylogenetic tree (using Kimura two-parameter distance and neighbour-joining method) of the non-recombinant CPencoding nucleotide sequences containing two clusters of isolates corresponding to UCBSV (45 isolates) and CBSV (22 isolates). For GenBank sequence accession numbers, see Table 1 . Numbers at branches represent bootstrap values of 1000 replicates, of which only values of ¢70 % are shown. Scale bar indicates Kimura units.
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& Holmes, 2010) and other vector-borne plant RNA viruses (Chare & Holmes, 2004) . The HAM1h sequence contained 33 aa residues that are under negative selection and conserved also in the HAM1 of eukaryotes and prokaryotes. The conserved amino acids, as would be predicted if they were pivotal for biological and structural functions, were not affected by adaptive selection in UCBSV and CBSV, whereas a few amino acid residues in both termini of HAM1h protein were under positive selection in UCBSV. In cellular organisms, HAM1 is expressed as a single protein, whereas in CBSV and UCBSV it is translated as a part of the polyprotein. Hence, the amino acid residues under selection in both termini of HAM1h close to the proteolytic cleavage sites might be important for the conformation of the polyprotein and its accessibility and optimal processing by the viral proteinase NIaPro. Provided that cellular environment influences protein conformation, adaptive selection of HAM1h of UCBSV may be associated with the recent widespread introduction of UCBSV to cassava.
There were several amino acid sites under positive (diversifying) selection in the central part of CP in CBSV. While similar results have been obtained on SPMMV (Tugume et al., 2010b) and Sweet potato virus C (previously known as the strain C of Sweet potato feathery mottle virus, genus Potyvirus) (Tugume et al., 2010a) , the findings contrast the data on most of the potyviruses studied in which amino acid residues under positive selection are usually found at the CP N terminus (García-Arenal et al., 2001; Moury et al., 2002) . The central part of the potyviral CP is involved in viral cell-to-cell and long distance movement in plants (Dolja et al., 1994 (Dolja et al., , 1995 Varrelmann & Maiss, 2000) and positive selection in this region can be implemented in host adaptation to ensure efficient systemic infection and subsequent transmission by vectors (e.g., Lalić et al., 2010) .
Provided that the central part of CP in ipomoviruses controls functions similar to potyviruses, data suggest ongoing host adaptation of CBSV. It might be due to the new CMD-resistant cassava varieties that have been introduced to the region. They have largely replaced the previously grown CMD-susceptible varieties (reviewed by Patil & Fauquet, 2009 ).
In Kenya, UCBSV occurred in cassava crops already in the 1990s, as proven by the data of Winter et al. (2010) . Why then has UCBSV become widespread in cassava crops in the East African highlands only recently? While the new CMD-resistant but CBSD-susceptible cassava varieties may play a role, the previously grown cassava varieties and landraces were also susceptible to CBSD. Another factor contributing to the CBSD outbreak caused by UCBSV could be changes in populations of vector whiteflies in the highland areas where whiteflies occur now more abundantly than in the past. Currently, the whitefly Bemisia tabaci Gennadius is the only experimentally proven vector for CBSV (Maruthi et al., 2005) , but whether it also transmits UCBSV is yet to be clearly demonstrated. Other whitefly species are also studied as potential vectors of these viruses (Mware et al., 2009 ).
In the future, genetic changes in the viral populations might be accelerated by expansion of the geographical distribution of CBSV and UCBSV. While CBSV was mainly distributed in the low-altitude areas at the coast of the Indian Ocean and in Malawi in the past (Storey, 1936; Monger et al., 2001a, b; Hillocks & Jennings, 2003) , this study revealed two isolates of CBSV in Uganda at higher altitudes (.1000 m above the sea level). On the other hand, results indicated that the distribution of UCBSV was not well-confined to either high or low altitude regions but isolates of the virus were found at the higher altitudes of the Lake Victoria zone and in the lowlands of Kenya and Table 3 . Recombination detected in UCBSV and CBSV sequences
The positions of recombination breakpoints are indicated in relation to the nucleotide sequence of the whole virus genome, or the 39 proximal region analysed (HAM1h-CP-39-UTR). The methods whose P-values are shown are indicated in bold. Malawi. In fact, all virus isolates characterized in this study from cassava crops in Kenya were UCBSV. The observed long-distance dispersal of the two viruses may have occurred in infected cassava materials (germplasm for breeding and cuttings for planting). In new areas, the viruses may come in contact with new potential vectors, which might cause unpredictable disease outbreaks in cassava in the future, introduce the viruses to new host species, and expose the virus population to multiple selection pressures (adaptation to new vectors and hosts).
Taken together, this study has provided new evidence on recombination as a mechanism of evolution in CBSV and UCBSV and adaptive evolution of the two viruses via positive selection imposed on HAM1h or CP. The speed of evolution of CBSV and UCBSV may be accelerated in the future should they continue to spread to new areas and hosts. These conceivable developments challenge sustainable cassava production in East Africa and call for further in-depth analyses on the population dynamics and evolutionary ecology of the two viruses, both for scientific and applied reasons.
METHODS
Virus isolates. Leaves or cuttings were collected from cassava plants with apparent symptoms of CBSD. The year and location of sampling are indicated in Table 1 . The sampled leaves were pressed between paper sheets and allowed to dry until used for RNA extraction and virus detection. Cuttings were planted in soil in an insect-proof screenhouse or glasshouse.
A number of isolates were tested for the symptoms induced in N. benthamiana. Plants were inoculated when they contained 2-3 fullgrown leaves. Leaves of cassava were ground in a mortar with a pestle and the sap rubbed onto Carborundum-dusted leaves of N. benthamiana. Experiments were carried out in a greenhouse at University of Helsinki under natural daylight supplemented with illumination from sodium halide lamps (photoperiod 16 h). Light intensity was 150-250 mE m 22 s 21 depending on the daylight. Temperatures were 17-19 uC at night and 19-20 uC during the day. Relative humidity was 50-60 %. The plants were fertilized weekly with a 1.0 % solution of N:P:K58:4:6 or N:P:K516:9:22 fertilizer (Yara).
Purification of virions and molecular characterization of virus isolates. Virions of isolate CBSV-[TZ:Kor6:08] were purified (Mbanzibwa et al., 2009a) and RNA was extracted from virus particles following the protocol described by Monger et al. (2001a) . The isolate UCBSV-[UG:Nam:04] was inoculated mechanically from cassava to N. benthamiana, as described previously (Patil et al., 2011) . Total RNA was extracted from the virus-infected leaves of cassava and Nicotiana spp. using the cetyl trimethyl ammonium bromide method (Lodhi et al., 1994) with modifications described previously (Monger et al., 2001b; Mbanzibwa et al., 2009a) , or using an RNeasy Mini kit (Qiagen) as described previously (Patil et al., 2011) .
cDNA synthesis was carried out with Moloney murine leukemia virus reverse transcriptase (M-MLV RT) according to the manufacturer's instructions (Promega). Both random and oligo(dT) 25 primers were used for generating the first strand cDNA. Oligo(dT) 25 was used when targeting the 39-proximal end of the genome. The high-fidelity DNA polymerase Phusion (Finnzymes) or Red Hot Polymerase (Thermo Scientific Ltd) was used for amplification of viral sequences by PCR (for primers, see Supplementary Table S3 , available in JGV Online).
PCR products were sequenced directly, or cloned into the TOPO vector (Invitrogen) by blunt-end ligation or cloned into the pGEM-T Easy vector (Promega) according to the manufacturer's instructions, and the inserts were sequenced in both directions.
The complete genome sequence of isolate CBSV-[TZ:Kor6:08] was cloned at the University of Helsinki as described previously (Mbanzibwa et al., 2009a) but using different primers (Supplementary Table S3 ). The 59-end was cloned as described before (Scotto-Lavino et al., 2007) with modifications (Mbanzibwa et al., 2009a) . Isolate UCBSV-[UG:Nam:04] was cloned into the TOPO cloning vector at the Danforth Center as described previously (Patil et al., 2011) . The nucleotide sequences were assembled using DNASTAR 5.0 (University of Wisconsin). Per cent nucleotide and amino acids sequence identities were determined using BIOEDIT 7.0 (Hall, 1999) .
Analysis of recombination. Parent-like sequences and approximate recombination breakpoints were identified using the methods RDP, GENECONV, BOOTSCAN, MAXIMUM CHI SQUARE, CHIMAERA, SISTER SCAN and 3SEQ as implemented in Recombination Detection Program RDP3 package version 3.28 (Martin et al., 2005b) . Analyses were carried out using default settings and the Bonferroni correction P-value cut-off of 0.05. Only breakpoints deduced by more than one method were considered further (Posada, 2002) .
Analysis of phylogenetic relationships and nucleotide diversity. Phylogenetic trees were constructed using the neighbour-joining algorithm (Saitou & Nei, 1987) implemented in using MEGA 4.0 (Tamura et al., 2007) using the Kimura two-parameter nucleotide substitution model (Kimura, 1980) . The Equal Input model of amino acid substitution (Tajima & Nei, 1984) was used for amino acid sequences. Estimates of statistical significance of tree branching were done by performing 1000 bootstrap replications. Because of the effect of recombination on the accuracy of phylogenetic estimation (Posada & Crandall, 2002) , the predicted recombinant sequences were excluded from analysis. DnaSP version 5 (Librado & Rozas, 2009 ) was used to calculate the average number of nucleotide differences per site (nucleotide diversity, p), and the average number of nucleotide substitutions per non-synonymous site (p a ) or synonymous site (p s ).
Nucleotide identities of the complete genomes of UCBSV and CBSV were compared using Simplot (version 3.5.1) (Lole et al., 1999) . It was used to calculate and plot the per cent identity of UCBSV-[KE:Ke_125] (the query sequence) to the panel of other isolates of UCBSV and CBSV in a sliding window of 200 nt that was moved across the alignment in steps of 20 nt.
Analysis of selection pressures exerted on the CP and HAM1h of UCBSV and CBSV. The non-synonymous to synonymous nucleotide substitution rate ratio (v) of v,1, v51 and v.1 indicating purifying (negative) selection, neutral evolution and diversifying (positive) selection, respectively, were analysed using the maximum-likelihood (ML) codon substitution models implemented in the CODEML program of the PAML4 package version 4.0 (Yang, 2007) . Six site models including M0 (one-ratio), M1a (nearly neutral), M2a (positive selection), M3 (discrete), M7 (beta), and M8 (beta&v) were exploited as described previously (Yang et al., 2000 (Yang et al., , 2005 Wong et al., 2004) . Three LRTs (M3 versus M0, M2a versus M1a and M8 versus M7) were used to assess the models' fit to the data as described previously (Wong et al., 2004) . Where the LRTs suggested positive selection, the BEB approach (Yang et al., 2005) was used to identify specific amino acid submitted to positive selection. Sequences with evidence for recombination in the CP and HAM1h region were excluded from analysis because recombination creates patterns of genetic variability that closely resemble the effects of molecular adaptation thus violating the assumptions under the ML framework of codon substitution (Anisimova et al., 2003) .
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